Abstract-This paper describes the development of a finite element (FE) model representing ultrasonic inspection in a metallic pipe. The model was developed using PZFlex and comprises two wedge transducer components, water coupled onto the inner wall of a 36 inch diameter steel pipe. The 2MHz transducers are separated by 430mm and configured to generate/receive ultrasonic shear waves. One device is used in pulse-echo mode to analyse any reflected components within the system, with the second transducer operating in a passive mode. Importantly, to minimise the models computational requirements, an external pressure loading function was applied to the wedge component within the model to simulate the transducer excitation. A number of simple defect representations have been incorporated into the model and both the reflected and transmitted ultrasonic wave components acquired at each wedge. Both regular crack and lamination defects have been investigated, at three different locations to evaluate the relationship between propagation path length and defect response. These defect responses are analysed in both the time and frequency domains. Moreover, the FE modelling has produced visual interpretation, in the form of a movie simulation, of the interaction between the propagating pressure wave and the defect. A combination of these visual aids and the predicted temporal/spectral waveforms has demonstrated fundamental differences in the response from either a crack or lamination defect.
I. INTRODUCTION
Computer modelling can be used to provide an understanding of the complex problems associated with NDT. Standard techniques, such as ray tracing [1] , are commonly used to predict the behaviour of such systems. Unfortunately, these techniques do not produce a full temporal analysis of the system, which can be critical for defect characterisation and discrimination. Consequently, application specific numerical models have been developed [2, 3] . Due to advances in computer technology, the application of finite element (FE) modelling techniques for NDT problems is attractive [4 -8] . Although, FE modelling is used routinely in ultrasonic transducer design, its application to wave propagation and defect interaction has been limited to a few applications [3, 7, 8] .
This paper describes the generation of a FE model, using PZFlex [13] , for investigating the generation and detection of shear waves within metallic pipe structures and their ability to detect axial cracks in gaseous pipeline environments. The system under investigation comprises a 60 o arc of the pipe, with two ultrasonic transducers mounted onto a perspex wedge and water coupled to the inner pipe wall. A 36" diameter pipe has been modelled with the transducer separation distance fixed at 430mm. One transducer is driven at an operating frequency of 2.0MHz to launch the shear wave energy into the pipe and the received temporal waveforms analysed at both transducer locations. Six modelled defects were introduced at three locations along the propagation path, corresponding to a total number of 18 simulation runs. The defect representations were categorised as either an outer wall breaking crack or a mid-plane lamination. The time waveforms for each simulation were collected at both transducer positions and analysed in both the time and frequency domains. This information, along with visual interpretation of the defect interaction, can then be used to identify defect discrimination criteria between the modelled crack and lamination defect classifications.
II. METHODOLOGY

A. Transducer Characterisation
For computational efficiency, it was decided not to directly implement the complete transducer/wedge configuration into the FE model. By removing the piezoelectric materials, the model is reduced to a fully mechanical simulation, which is ideally suited for implementation on multi-processor computer systems as the workload can be more readily subdivided between the individual processors. This was achieved by simulating the transducer excitation as an applied pressure load on the surface of the angled wedge. A Polytec PSV300 scanning laser vibrometer system was used to measure the surface displacement characteristics of the transducer in air and when incorporated into the angled wedge, with good correlation with appropriate FE models demonstrated. The output of the system is a graphical representation of the magnitude and phase responses. The transducer was driven using a 20-cycle tone burst at the transducer electrical resonant frequency of 2MHz. Figure 1 illustrates the axial measured transducer vibrational response across the centre of the device, in air. From the Figure it can be observed that the transducer has a strong central focus, with weak radial activity. Shear wave pulse-echo response in steel Furthermore, a Panametrics pulser/receiver unit, 5052PR, was used to evaluate the transducer pulse-shape for the generation and detection of shear waves in steel. Here, the transducer was attached to the angled wedge and its impulse response measured as the echo reflected from a corner of the block. Figure 2 illustrates the measured impulse response, at a distance of 90mm. A short pulse length has been recorded, with a calculated bandwidth of 1.06MHz. Importantly, within the model the pulse excitation was approximated as a windowed 2-cycle 2.0MHz sinusoid.
B. Finite Element Model Development
The finite element code, PZFlex [13], was utilised to simulate the generation, propagation and detection of elastic waves in a metallic pipe structure, as illustrated in Figure 3 .
Ideally the entire structure of the pipe would be modelled, however for computational efficiency sections of pipe significantly beyond the wedges were removed, truncating the model. Left in this state, there will be wave reflections from these points invalidating output. Unfortunately absorbing and perfectly matched boundary layers fail to work well with multiple wave types, so as a practical working solution the steel at the edges of the pipes gradually raised wave attenuation in order to remove all reflections.
While not ideal, reflections from this layer significantly were down in magnitude and did not interfere with the waves of interest. A 60 o arc of the 36" steel pipe was modelled, with the transducer separation fixed at 430mm corresponding to a propagation distance of approximately 300 lambda. Typically FE methods are not well suited to propagation distances on the order of 100 lambda, as numerical dispersion renders phase information inaccurate. However, as this model can reasonably be limited to 2D, large numbers of elements per wavelength (mesh density) can be applied to remove the numerical dispersion issues. At this element size, even small flaws and cracks can be adequately represented. The pressure loading is applied only to the upper wedge and this is defined as the transmitting wedge. In terms of reception, the pressure incident on the angled faces of both wedge configurations is recorded as time history files. Hence, the transmitting wedge records the pulse-echo response and the second, passive, wedge the system through-transmission response. In order to minimise reflections at the discontinuities corresponding to the ends of the pipe, a number of 'invented' materials, each with the material properties associated with steel but with an increasing damping term, are incorporated to gradually attenuate any propagating energy. Concentrating on the angled wedge regions of the model, it can be seen that each wedge is water coupled to the inner wall of a steel pipe and includes two damping materials opposite the angled face. The angled face is where the transducer would be located and hence, the pressure loading will be applied to the nodes on this face. A multi-processor SGI computer facility provided the platform to support this large model. Up to ten processors were available to parallelise the computation and 1.5Gbytes of RAM allocated to the problem.
Six modelled defects were introduced at three locations along the propagation path, corresponding to a total number of 18 simulation runs. The defect representations were categorised as either an outer wall breaking crack or a mid-plane lamination, at either 110mm, 215mm or 320mm distance from the transmitting device. Table 1 identifies each modelled scenario and allocates an identification number. A split lamination is defined as two 10mm laminations separated by a 5mm gap. 
C. Data Analysis
The output from the FE simulations is in the form of a history file and within the PZFlex code a post processing suite is available to extract the relevant information. The model predicts the velocity components, in both the x and y directions, at each node on the surface of each transducer wedge. Further post-processing using Matlab created a single data set corresponding to the actual transducer vector. Next, the resultant transducer time responses corresponding to the reflected data, at the transmitting wedge, and transmitted data, at the second wedge, were processed using a Fast Fourier Transform function to generate the associated frequency response for each transducer. It should be noted that bandpass filtering has been applied to all simulated waveforms to accommodate the filtering effect of both the measured transducer response and experimental conditions. The filter bandwidth was configured as 0.75MHz to 3.5MHz.
III. RESULTS
A. Experimental Measurements
The reflected response from the split lamination, at a distance 215mm from the transmitting device was experimentally acquired. The magnitude of the reflected temporal signal was low due to the small dimensions associated with the lamination. Consequently, the corresponding frequency response is shown in Figure 4 and is characterised by a distinct peak at approximately 1.5MHz and a second isolated peak at 2.5MHz. Predicted spectral characteristic corresponding to split lamination at 215mm Figure 6 Temporal and spectral characteristics corresponding to a 6mm outer wall breaking crack
B. Modelled Results
The FE generated predicted spectral response corresponding to the split lamination, at 215mm, is presented in Figure 5 . Here, a strong correlation is demonstrated with the experimentally measured response, shown in Figure 4 . A typical predicted reflected response for a 6mm crack defect, at the same distance, is presented in Figure 6 . Here, the magnitude of the temporal waveform gives rise to a reasonable signal-to-noise ratio and the spectral characteristic is clearly more structured than for the lamination characteristic shown in Figure 5 .
C. Defect Discrimination
The model was also used to generate snapshots in time of the pressure wave propagation in the pipe and its interaction with each defect scenario. Interestingly, the characteristics from a crack and a lamination are clearly different. After interaction with the main shear wave energy, the defect emits energy from the tip of the defect, in a manner analogous to a spherical point source. Furthermore, for a crack defect this secondary energy is transmitted in both directions in the pipe, but for lamination type defects the energy is transmitted only down the pipe to the second wedge. Figures 7 and 8 , for the 6mm crack and 10mm lamination defect scenarios respectively, present snapshots of this phenomenon. For each configuration, surface waves propagate along the length of the defect and additional ultrasonic energy is radiated from the other end of the defect. In the case of a crack defect, the surface waves will reflect from the outer surface of the pipe wall and then be radiated into the pipe from the tip of the crack in both directions within the pipe. Whereas, in the case of a lamination, the surface wave propagates along the defect and is radiated into the pipe from the one end of the lamination. This energy will be projected towards the second wedge transducer and contribute primarily to the throughtransmitted signal. The magnitude of the reflected time waveform can be used to give an indication of the presence of a defect in the pipe. Moreover, this can be used to determine time-of-flight data to identify the location of the flaw with respect to the transmitting transducer position. The absolute magnitude value of the time response for each defect scenario has been plotted, as shown in Figure 9 , and coded to indicate whether the defect falls into a crack or lamination classification. This clearly illustrates that the peak temporal component is not sufficient to fully discriminate between slot and lamination defects, with the 1mm slot magnitudes (Scenarios 7-9) indistinguishable from the lamination values (Scenarios 10-18). Interestingly, the length of this slot defect, approximately 11% of the pipe wall thickness, is below the minimum detectable flaw length for many NDE inspection tools. Hence, at a very basic level, the peak magnitude of the reflected temporal waveform can be used to discriminate 
Scenario Number Peak Reflected Amplitude
Slots Laminations
No Defect Figure 9 Peak magnitude of reflected temporal waveforms between crack and lamination defect types.
IV. CONCLUSIONS
This paper has discussed the development of a finite element model of two shear wave transducers coupled onto a steel pipe. A number of simple defect scenarios were analysed to predicted the system response to both crack and lamination defect classifications. Analysis of the defect interaction with the propagating ultrasonic energy in the simulations has indicated that there are potential mechanisms to assist with the defect discrimination process. It is interesting to note that there exists significant differences in characteristics between the reflected and through transmitted signals associated with both slot and lamination type defects. Furthermore, the visualisation process clearly illustrates that there exists a difference in the way in which the two defect types interact with the propagating ultrasonic energy. Hence, it is appropriate that both time and frequency characteristics are analysed from both the reflected and transmitted responses to fully discriminate between such defect types.
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